Abstract:
We demonstrate a hybrid liquid crystal and carbon nanotube based device which shows the capacity to perform as a switchable diffraction grating. A liquid crystal layer was sandwiched between two electrodes (patterned into gratings). The bottom electrode consisted of a two dimensional square array of carbon nanotubes, while the top electrode comprised of an ITO based in-plane switching electrode on glass. The device displayed distinct voltage dependent diffraction patterns due to the two different electrodes. The diffraction patterns were studied both computationally and experimentally, with good agreement between the results obtained. Both the diffraction pattern and efficiency from the device could be switched by varying the applied voltage across the liquid crystal layer.
Keywords: Carbon nanotubes, in-plane switching, liquid crystals, electrically switchable, grating Diffraction gratings are ideal candidates for the manipulation of optical beams (such as splitting and steering) in arbitrary controlled ways. Greater functionality is also possible by the development of electrically switchable diffraction gratings, using liquid crystals [1] [2] [3] [4] [5] . This paper presents a new and complex electrically switchable diffraction grating device, based upon the recently reported nanophotonic technology of using carbon nanotubes (CNTs) as electrode structures in liquid crystal (LC) devices [6] . Such hybrid LC-CNT technology has also recently been demonstrated in the form of adaptive cylindrical [7] and spherical [8] microlens arrays with low switching voltages, and as an invaluable tool for integral field imaging techniques for 3D microscopy [9] .
So far we have demonstrated nanophotonic devices based on the hybrid combination of LC and carbon nanotubes, which utilize the near field focusing and lensing effects. Here we study the far-field diffraction effects from such devices. We demonstrate that hybrid LC-CNT technology not only shows great potential for near field refractive optical devices, but also for diffractive applications, including tunable gratings and beam steering. We present the fabrication and characterization of an electrically switchable diffraction grating using a hybrid LC-CNT nanophotonic device with an in-plane switching electrode (IPS). The resulting diffraction patterns were investigated both computationally and experimentally. A good agreement between the theoretical and measured results was achieved.
To fabricate the electro-optical device a liquid crystal cell was assembled using two special substrates. These substrates acted as electrodes for addressing the LC layer sandwiched between them. The top substrate consisted of glass with an interdigitated pattern of two indium tin oxide (ITO) electrodes, as shown in Fig. 1(a) . The interdigitated electrodes address the LC layer acting as an in-plane switching (IPS) structure. The second (lower) electrode consisted of an array of multiwall carbon nanotubes (MWCNTs) fabricated on an opaque silicon substrate. The array of MWCNTs, with an average tube diameter of 50 nm and height of 2 µm, was patterned on silicon substrate using the standard plasma enhanced chemical vapour deposition process, fully explained in our previous paper [6] . To make all the nanotubes a common electrode, the nanotube array was coated with aluminium. Due to aluminium coating the bottom electrode was reflective and the device operated in reflecting mode.
A polyimide (AM4276 from Merck) was applied to the patterned ITO coated upper glass substrate and rubbed to provide homogeneous planar LC alignment. The two substrates were then glued together with an optically curable adhesive (Norland NOA68) mixed together with spacer beads (Merck), which provided a uniform cell thickness of 20 µm. Electrical wire connections were made to the two substrates using indium solder. Two connections were made to the top IPS electrodes and one connection to the bottom MWCNT array. The schematic diagram of the fabricated device is shown in Fig. 1(c) . The IPS electrode on the other hand (due to the alternative voltages) produces curved electric fields. As shown in Fig. 2(c) a cylindrical electric field profile is produced around any three neighbouring ITO electrodes, with a grounded ITO electrode in the centre. This field profile covers a wider area in the device as compared to the fields produced by nanotubes. This electric field also dictates a cylindrical index profile within the LC layer producing an array of LC based lenticular lenses, as reported previously [7] . The phase profile of these lenticular lenses was voltage dependent.
A theoretical diffraction simulation of the nanophotonic device was also performed. The simulated device consisted of two periodic gratings present on the two electrodes, with liquid crystal as the tunable media. The expected diffraction pattern produced by each of the gratings was computed using Fourier analysis. With ITO electrode being optically transparent, with no voltage applied the carbon nanotube grating is the only dominant grating modulating the propagation of light causing diffraction. The carbon nanotube array was modeled as a 2D binary intensity grating of approximately circular spots. Fast Fourier transform (FFT) of the grating revealed the far-field diffraction pattern produced from it, as shown in Fig. 3(a-c) . The simulated FFT displayed a square grid of discrete intensity spots, with a strong central zero order consisting of undiffracted light. Log plots of the FFT were performed to suppress the zero order and to help show the higher orders in the diffraction pattern more visibly. Due to the circular shape of the nanotubes (aperture) a circular envelope was observed over the calculated diffraction pattern, clearly visible in the 3D plot of Fig. 3(c) .
Next, the optical diffraction patterns from the device with various voltages applied were calculated. At non-zero voltages, the IPS electrodes address the LC layer producing a phase grating of lenticular lenses. The device offers two gratings to the incident light, the nanotube arrays and the lenticular lens array. The voltage dependent phase profile induced by these lenses was reported in [7] . These profiles (also shown in supplementary material) were used to model the grating for Fourier analysis. As shown in Fig. 3(d-f) , at 2 volts peak-to-peak (V pp ) the nanophotonic device was modeled as a combination of the 2D binary amplitude grating (due to the CNT array) and a superimposed phase grating (due to the LC lenticular lenses). The FFT was calculated to determine the diffraction pattern of the combined grating. The diffraction pattern displayed a horizontal spreading of the intensity. Since the lenticular lenses have a smaller dimension in the horizontal direction, the diffraction pattern displays a larger horizontal dimension as expected. At zero V pp , in the absence of an electric field, the liquid crystals are mostly horizontally aligned and do not show any switching. As the ITO is mostly transparent, the most prominent feature observed by the incident light is the MWCNT array based grating. Each nanotube acts as a defect within the LC layer creating a distorted molecular arrangement around it. The incident light is diffracted by the square array of LC defects produced by the MWCNT array. As shown in Fig.   4(a) , at zero V pp the pattern consists of a square grid of diffracted spots which matches very closely with the simulated diffraction pattern for the square MWCNT array. As the applied voltage to one of the IPS electrodes is increased, a curved electric field is produced within the device as predicted by the FEM modelled result in Fig. 2 . This electric field addresses the liquid crystal molecules near the top electrode causing the formation of periodic graded index cylindrical rows with in the liquid crystal layer. When a potential difference beyond the Freedrickzs transition (at 2 V pp ) was applied across the cell, the diffraction pattern from the device changed.
At a voltage of around 2 V pp , when LC molecules start switching, rows seem to form in the diffraction pattern, with the zero-order splitting into further orders (Fig. 4(b) ). More diffracted spots appear horizontally within the rows of the square grid, increasing the horizontal density of spots. The light localization and intensity distribution increases within the rows. The overall diffraction pattern is observed to change from the square grid (predicted for the nanotube array) to the stack of horizontal rows. When the voltage is further increased from 4 to 6 V pp (Fig. 4(cd) ) the LC molecules completely switch and the intensity of the middle row increases. This is the predicted feature of the diffraction pattern from the 1D grating of lenticular lenses, presented in Fig. 3 (k-m) . This shows that with an increase in voltage the influence of the top interdigitated ITO electrodes increases within the LC layers. The diffraction pattern switches from the square grid (at zero V pp ) to a dominant row in the middle of the pattern (perpendicular to the IPS electrodes). A good match was achieved between the simulations and measurements.
The diffraction efficiency (DE) of a hybrid LC-CNT device was measured using a polarized laser and power meter. The vertically aligned carbon nanotubes have an anisotropic structure and display a polarization and angle dependent interaction with light. Also, the top IPS electrode was one dimensional. Therefore, it was of interest to study the diffraction efficiency of the device with respect to different polarizations, incident angles, and voltages. A schematic diagram of the experiment used to measure the DE is shown in Fig. 5(a) . The device efficiency was measured for two polarizations of light, transverse magnetic (TM) and transvers electric (TE), as presented in Fig. 5(b-c) . The diffraction efficiency was calculated using the equation DE = (I -I o )/ I, where I o is the intensity of zero order (undiffracted light) and I is the intensity of the incident laser beam [10] .
At zero V pp the device displays a DE of about 38% at zero degrees incident angle for both For TM mode polarized light, incident angle independence is observed for higher voltages (from 3 to 6 V pp ). With the increase in incidence angle the DE remains approximately consistent with a highest DE of about 67% at 6 V pp and a 45 degree angle of incidence. However, for the TE mode polarized light, even at higher voltages the efficiency increases with the increase in incidence angle of the laser. This could be due to the increased area interaction of TE polarized light with the lenticular lenses (which are parallel to the TE polarization of laser). The highest observed efficiency of about 85% is observed at a voltage of 6 V pp and 60 degrees incidence angle.
In conclusion, we have demonstrated an electrically switchable diffraction grating that consists of a nanotube array and an ITO based IPS electrode structure with nematic liquid crystal.
Distinct and voltage dependent diffraction patterns are produced by the nanotube array and the IPS electrode addressed LC phase grating. The diffraction patterns were simulated using Fourier analysis and were later experimentally verified, with good agreement. The diffraction effects from the two electrode gratings can be electrically switched, which changes the diffraction pattern and diffraction efficiency. Such nanophotonic devices are very suitable for applications like tunable gratings and optical switches.
